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Abstract 
This work presents an approach for increasing operational bandwidth of a vibration energy harvester in low-frequency 
environments by effectively exploiting contact-based frequency up-conversion. It was implemented by a couple of low-frequency 
resonators with appropriately spaced natural frequencies impacting high-frequency piezoelectric generators when the device is 
harmonically excited in 10-40 Hz range. A proof of concept was designed, modeled, fabricated and characterized, demonstrating 
improved power and bandwidth performance (up to 37 μW and 9 Hz at 1g) with respect to traditional single-resonator designs. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Environmental risks and operational costs associated with batteries necessitate implementation of renewable 
energy sources for wireless sensors in order to ensure financial sustainability of sensor networks deployed for 
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structural, environmental, habitat or agricultural monitoring applications [1]. Harvesting vibrational energy by 
means of piezoelectric materials constitutes an attractive approach due to widespread availability of kinetic energy 
in the environment as well as high energy density of piezoelectric transducers and their amenability to 
miniaturization. After more than 15 years of active research in the field, it is now acknowledged that increasing 
operational bandwidth and power density of vibration energy harvesters (VEHs) represent major challenges for the 
successful adoption of the technology [2]. Development of nonlinear generators became the current research focus 
with a variety of techniques proposed for broadening usable bandwidth such as mono/bi/multi-stable structures, 
vibro-impacting designs, frequency up-converting configurations and different frequency-tuning methods [3]. 
Ambient vibrational energy is often distributed over lower frequencies (less than 30-40 Hz) and is characterized by 
frequencies that vary in time. One of the effective strategies to increase power output under these challenging 
conditions is mechanical frequency up-conversion. Usually, it is realized as a two-stage design: rigid [4] or elastic 
[5] structure, which is driven by low-frequency (LF) vibration source, impulsively triggers (through impact [5] or 
magnetic interaction [6]) high-frequency (HF) natural oscillations of piezoelectric generator(s). Designs of such 
VEHs are mostly based on a single LF structure that responds within a limited range of excitation frequencies. This 
paper introduces an impact-coupled vibration energy harvester (IC-VEH), which incorporates a couple of LF 
resonators with different natural frequencies that are rationally selected so as both resonators constructively 
contribute to the resonance amplification process leading to improved power output and operational bandwidth. 
2. Design, modeling and fabrication 
The proposed IC-VEH (Figs. 1-2, Table 1) consists of two cantilevered polymeric LF resonators with tungsten 
end masses sandwiched between two piezoelectric generators (unimorphs with tungsten end masses) connected to 
the electrical load RL. This implementation should be more robust since higher reliability is expected due to tungsten 
used as contacting surface and polymeric foil substituting silicon as beam material. The proposed dual-resonator IC-
VEH constitutes a multi-body vibro-impact system. Its finite element model was developed in Comsol (Fig. 1(b)) by 
using a nonlinear viscoelastic contact formulation (verification of the contact model was reported in [7]). Fig. 3 
demonstrates sufficient accuracy of the mechanical model of the resonators, which was used for tailoring IC-VEH 
design. An iterative numerical-experimental procedure was applied in order to determine rational design parameters 
of the device: i) geometric parameters of beams and end masses of the resonators were modified so as their natural 
frequencies fall within 1030 Hz range and satisfy as close as possible the condition 2:1:  shortnlongn ff  (Fig. 3(a)),   
 
   
            (a)                         (b) 
Fig. 1. Schematic drawing (a) and Comsol finite element model (b) of the proposed dual-resonator IC-VEH. 
     
Fig. 2. Fabricated proof of concept of the dual-resonator IC-VEH. 
Table 1. Geometric parameters of IC-VEH proof-of-concept device. 
Component 
Long 
resonator 
Short 
resonator 
Piezoelectric 
generators 
l×w×t (mm) 
PET substrate 14×4×0.125 10×4×0.125 - 
PEN substrate - - 16×4×0.4 
PZT-5H layer - - 16×4×0.13 
Tungsten mass 4×4×3 4×4×2.5 4×4×1 
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        (a)        (b) 
Fig. 3. (a) Measured and simulated frequency responses of the resonators (a = 0.1g). (b) Transient response of a generator (a = 1g, fexc = 25 Hz). 
  
        (a)        (b) 
Fig. 4. (a) Maximum average power as a function of load resistance (plots derived from power frequency responses of top and bottom generators 
measured during operation in frequency up-conversion mode at a = 1g). (b) Measured total average power frequency responses of the dual-
resonator IC-VEH for different harmonic excitation conditions: up/down sweeping vs. single-frequency “shots” (a = 1g, Ropt = 40 k:). 
ii) mass of the piezoelectric generators was adjusted so as to obtain (nearly) full free vibration decay after the impact 
(Fig. 3(b)), i.e. avoiding premature or late actuation by impact during frequency up-conversion process, iii) 
thickness of the substrate and piezoelectric layers of the generators were selected so as the neutral plane would be 
positioned at the interface between the layers, thereby eliminating charge cancellation effects.      
The proof of concept (Fig. 2) was fabricated using laser cut polymeric foil and tungsten sheets as well as bulk 
piezoceramic sheets, which were cut into strips with a dicing machine [8]. PEN foil served as a substrate layer for 
the generators with laminated bulk PZT-5H sheets, while PET was used to make the resonators with tungsten 
masses bonded atop. The beams were attached on three PCBs that were assembled with spacers of varying thickness 
for testing the performance of different device configurations with inter-beam clearances ranging from ~0.5 mm to  
~2.5 mm (between bottom generator and the resonators).      
3. Characterization results 
The fabricated device was subjected to multiple power frequency response (PFR) measurements in an automated 
vibration test bench [9]. First, optimal load resistance was measured to be 40 kΩ (Fig. 4(a)) for both top and bottom 
generators operating in the frequency up-conversion mode. Resistance value of 40 kΩ was then used for recording 
all the subsequent PFRs (presented here as a sum of PFRs measured separately for the top and bottom generators). 
Fig. 4(b) reveals that the IC-VEH performance is markedly better during harmonic up-sweep in comparison to the 
down-sweep and excitation using single-frequency “shots”. PFRs in Fig. 5(a) show that the dual-resonator IC-VEH 
outperforms its traditional single-resonator counterparts, revealing up to 100% increase in power and bandwidth for 
the up-sweep, while smaller gains in bandwidth are observed for the down-sweep case. Fig. 5(b) summarizes results 
of benchmarking the performance of the proposed IC-VEH against the single-resonator designs for varying inter-
beam clearances: i) with respect to device operating only with short resonator, the dual-resonator device delivers 
more  power (up to 40% on average)  over much larger bandwidth (up to 100% on average)  for all clearance values, 
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        (a)                    (b) 
Fig. 5. (a) Measured power frequency responses of IC-VEH (configuration No. 3 in (b)) having single- or dual-resonator design. (b) Measured 
maximum values of total average power (P) and bandwidth (BW) as a function of inter-beam clearance (a = 1g (up-sweep), Ropt = 40 k:). 
ii) with respect to device operating only with long resonator, the dual-resonator harvester always generates 
considerably more power (up to 90% on average), while exhibiting comparable or slightly higher bandwidth for 
larger clearances, iii) at larger clearances the dual-resonator IC-VEH outputs up to 3037 μW over the frequency 
range of 89 Hz, reaching up to 140% (220%) higher power (bandwidth) for the largest clearance value of ~2.5 mm. 
4. Conclusion 
This paper presented design, modeling and testing of the IC-VEH operating in the dual-resonator/generator 
configuration, which was shown to deliver enhanced power and bandwidth performance in comparison to the 
traditional single-resonator arrangement. It was demonstrated that a positive cumulative effect of engaging two 
resonators in the frequency up-conversion process may be attained by selecting the natural frequency of one 
resonator to be an integer multiple of the other. In such case both resonators constructively contribute to the 
resonance amplification process during coupled vibration, which manifests as a considerably increased power output 
and bandwidth with respect to the case when the device is subjected to single-frequency excitation (no sweeping).    
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